used for more than·a decade for the detection of magnetic resonance.l-lO Until recently, these devices had mostly been confined to operation in the audiofrequency range, so that experiments have been restricted to measurements of resonance at low frequencies,9-lO or of changes in the static susceptibility of a sample induced by rf irradiation at the resonant frequency.l-B However, the recent extension 11 of the operating.range of low noise de SQUIDs to radiofrequencies (rf) allows one to detect magnetic resonance directly at frequencies up to several hundred megahertz.
In this paper, we begin by summarizing the properties of de SQUIDs as tuned rf amplifiers.
We then describe first, the development of a SQUID system f_or 'the detection of pulsed nuclear quadrupole resonance 12 (NQR). at about 30 ~Hz and second, a novel technique for observing magnetic resonance in the absence of any externally applied rf fields . ing magnetization of a sample located inside the pick-up coil. The mutual inductance oet~ee~ the SQUID and the input coil is Mi, so that the co~pling coe~ficient is a 2 • MI/LLi. We also de~ine an effective coupling coefficient between the SQUID and the inp~t cir-
The SQUID is biased with a c~rrent I and a flux t so that the flux-to-voltage transfer function, V¢ :
( avta¢, is a maximum. In the limit Q >> 1. where Q is the q~ality factor of the input circuit, it can be shown 11 that the condition for the optim~m noise temperature of a de SQUID with S : 2LI 0
Here, f 0
is the resonant freq~ency of the inp~t circuit.
This condition yields an optimum noise temperat~re ( 2) .· a dynamic range in the bandwidth of the tuned circ~it
and a ~ower gatn ~t resonance ( 4 ) In p~actice, the inc~ctive and capacitive co~pling of the SQU!D to the ~~put circui: procuces changes in the t~peda~ce with a Q of 2,500, the overall system noise temperature, including the Nyquist noise from Ri, was 6 ± 1K. The photog~aphs show the ~ixed-down output signal, with the traces trig3~red a~ the end of the rf pulse. Figure 4 (~) shows the res~onse to a rf pulse corres~onding to a peak-to-peak ~ag~etic field or 1.5 :nT at t!'le sa:tple, in t~ at~se:1ce of the Q-spoile:--. We assume that this sample can be characterized by a complex susceptibility x(w) =
x'(w) -Jx"(w). The impedance of the pick-up coil is modified by the sample to 14 ( 7 ) where ~ is the filling factor. The presence of the spin inductance Ls • 4wx'Lp~ shifts the resonance of the circuit, while the spin resistance Rs ~ 4wx"wLP~ modifies the damping and acts as a source of Nyquist noise.
We can compute the Nyquist noise of the spins in terms of the microscopic parameters of the sample. For all practical purposes in this experiment, the nuclear quadrupole moments interacting with local electric field gradients can be analyzed as though they were magnetic dipoles of spin 1/2 interacting with an external magnetic field s 0
•
In this case the splitting of the ground and excited states is ~ws, where ws/2~ = Y8 0 /2w is the spin frequency andY is the gy~omagnetic ratio. At a spin temperature Ts, the equilibrium magnetization of the sample is: 14 7 where n is the number of nuclei per unit volume. A&suming a Lorentzian lineshape for the nuclear resonance, we can write 14 ( 9 ) where T 2 is the spin-spin relaxation time •
The general expression for the spectral density of Nyquist voltage noise produced by the spin resistance Rs is given by:
Combining Eqs. (8)- (10) In the first, the spins were allowed to reach ther~al equilibrium with the helium bath (T e Ts), whi~h was at 1 .SK.
The spin-lattice rela~~tion time r 1 had been reduced to 20 min by Y-ray irradiation.
In the thermal limit nw << k 8 T, the sp~c~ral density of the cur~ent noise in the input circuit is indicates the response we would expect from this fit in the absence of the sample.
In the second experiment we use a non-irradiated sample with a Thus, the spectral density of the current becomes ( 1 3 )
Thus, we expect to observe a "bump" in the spectral response due to the nonequilibrium contribution TsRs to the noise.
An example of our data, averaged over 7 hours, is shown in Fig.   6 (a), with the spin resonant freq~ency indicated with an arrow.
:itting the data with the values of fs and ~fs obtained in the ~i~st experiment, we find Q •.3,430 and RsTs/R 1 T • 0.06. The dotted line indicates the expected spectral density in the absence of a sa~ple.
:igure 6(b) shows the excess noise observed in Fig. 6 (a) l due to the spins. The bump at rs represents the first observation of nuclear spin noise, and arises from the decay of the nonequiliriu~ state via spontaneous emission into the circuit. TECHNICAL INFORMATION DEPARTMENT  UNIVERSITY OF CALIFORNIA  BERKELEY, CALIFORNIA 94720 
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